All linear chromosomes possess two telomeres, specialized nucleo-protein structures that protect the genomic integrity by providing a solution to the 'end-replication problem', prevent inappropriate action of DNA repair machinery, and mask the chromosomal ends against degradation by nucleases (1). Human telomeric chromatin is composed of about 200 different proteins (2) playing various roles at chromosomal termini, including transcription and packaging of TERRA RNA (Telomere Repeat containing RNA) (3,4), or in the organization of higher order telomeric chromatin structure (5). T elomere protection is facilitated in large part by proteins that specifically bind to either single-stranded (ss) or doublestranded (ds) regions of telomeric DNA (6). The telomere-binding proteins form a cap which protects chromosome ends against activities of DNA repair machinery (7). Whereas the G-rich 3' ssDNA telomeric overhang is bound by OB (oligosaccharide-binding)-fold containing proteins like Pot1p (8) and Cdc13p (9), the duplex region of the telomere is associated with dsDNA-binding proteins containing a Myb/SANT-domain. These http://www.jbc.org/cgi
Inspection of the complete genome of the yeast Yarrowia lipolytica for the presence of genes encoding homologues of known telomerebinding proteins surprisingly revealed no counterparts of typical yeast Myb domaincontaining telomeric factors including Rap1 or
Taz1. Instead, we identified a gene, YALIOD10923g, encoding a protein containing two Myb domains, exhibiting a high degree of similarity to the Myb domain of human telomeric proteins TRF1 and TRF2 and homologous to an essential fission yeast protein Mug152, whose expression is elevated during meiosis. The protein, which we named Tay1p (Telomere-associated in Yarrowia lipolytica 1), was purified for biochemical studies. Using a model Y. lipolytica telomere, we demonstrate that the protein preferentially binds to Y. lipolytica telomeric tracts. Tay1p binds along the telomeric tract as dimers and larger oligomers, and it is able to remodel the telomeric DNA into both looped structures and synaptic complexes of two model telomere DNAs. The ability of Tay1p to induce dimerization of telomeres in vitro goes in line with its oligomeric nature, where each oligomer can employ several Myb domains to form intermolecular telomere clusters. We also provide experimental evidence that Tay1p may be associated with Y. lipolytica telomeres in vivo. Together with its homologues from S. pombe and several basidiomycetous fungi (Sanchez-Alonso, P., and Guzman, P. (2008) Fungal Genet. Biol. 45, S54-S62), Tay1p constitutes a novel family of putative telomeric factors whose analysis may be instrumental in understanding the function and evolution of double-stranded DNA telomeric proteins.
All linear chromosomes possess two telomeres, specialized nucleo-protein structures that protect the genomic integrity by providing a solution to the 'end-replication problem', prevent inappropriate action of DNA repair machinery, and mask the chromosomal ends against degradation by nucleases (1). Human telomeric chromatin is composed of about 200 different proteins (2) playing various roles at chromosomal termini, including transcription and packaging of TERRA RNA (Telomere Repeat containing RNA) (3, 4) , or in the organization of higher order telomeric chromatin structure (5) . T elomere protection is facilitated in large part by proteins that specifically bind to either single-stranded (ss) or doublestranded (ds) regions of telomeric DNA (6) . The telomere-binding proteins form a cap which protects chromosome ends against activities of DNA repair machinery (7) . Whereas the G-rich 3' ssDNA telomeric overhang is bound by OB (oligosaccharide-binding)-fold containing proteins like Pot1p (8) and Cdc13p (9) , the duplex region of the telomere is associated with dsDNA-binding proteins containing a Myb/SANT-domain. These include mammalian TRF1 and TRF2 proteins (10) , budding yeast proteins Rap1 and Tbf1 (11, 12) , and the fission yeast telomeric proteins Taz1 (13) and Tbf1 (14) . The telomeric proteins protect telomeres at two levels. First, proteins such as TRF2 and Taz1p mediate formation of a telomeric loop (tloop) and hide the 3' telomeric overhang into the ds region of the telomere thus preventing inappropriate recognition by the DNA repair machinery (15, 16) . Second, the telomere-binding proteins associate with other components and form a special nucleo-protein structure termed shelterin (10) . In addition, telomere-binding proteins are important for recruitment of telomerase and other enzymes involved in telomere maintenance at chromosomal ends (7) . The central role of telomere-binding proteins in protecting chromosomal ends and regulating DNA transactions, including telomerase-dependent elongation and recombination, underlines the importance of investigating their biochemical properties.
Studies in yeasts, especially in Saccharomyces cerevisiae, Kluyveromyces lactis, Candida albicans, and Schizosaccharomyces pombe, have provided invaluable information about the maintenance and dynamics of nuclear telomeres (17) . From these studies it is clear that, whereas some features of telomeres are general and carry over to higher eukaryotes, some telomereassociated components are specific for a given phylogenetic clade. Such findings have provided information about evolutionary trajectories leading to contemporary solutions of telomere-associated problems, and substantiated comparative analyses of telomeres in non-conventional yeast species (18, 19) .
The species with a potential to open new venues in telomere research is Yarrowia lipolytica. This yeast is an important industrial producer of citric, isocitric, and 2-oxoglutaric acids (20) , and it is a well established yeast model for the studies of protein secretion (21) , peroxisome biogenesis (22) , mitochondrial bioenergetics (23) and cell morphogenesis and differentiation (24, 25) . The existence of a sexual cycle, as well as a wide variety of genetically well defined strains, molecular tools, and availability of a complete genomic sequence make all peculiarities of Y. lipolytica amenable to detailed analysis.
Y. lipolytica is very distantly related to most yeast model systems, which is exemplified by its position at the basal branches of the phylogenetic tree of hemiascomycetes (http://www.genolevures.org/yeastgenomes.html#). In fact, Y. lipolytica shares a number of features with higher eukaryotes, such as dispersion of the rDNA clusters and of the 5S RNA genes, small nuclear RNA sizes, the protein secretion process, and the signal recognition particle 7S RNA (26) , supporting the idea that it represents an attractive model for studying diverse biological phenomena.
It was recently recognized that Y. lipolytica could also be exploited as an attractive model for telomere biology (19) . Its telomeric repeats are represented by an array of 5'-GGGTTAGTCA-3' sequences (C. Gaillardin, personal communication), whose length (500-1,000 bp) is slightly larger than in other budding and fission yeasts. As in other yeast models, telomeres in Y. lipolytica seem to be maintained primarily by telomerase, which is backed-up by a potent recombination-dependent mechanism (27) . In contrast to S. cerevisiae and S. pombe, and similar to Kluyveromyces spp., Candida spp. and humans, the telomeric repeats in Y. lipolytica are highly regular. The repeat can be considered a variant of its human counterpart (5'-TTAGGG-3'), containing a 4 base insertion between 'TTA' a nd 'GGG'. Significantly, the repeat contains a conserved 5'-GT-N 2-4 -GG(G/A)T-3' motif (Table 1) , shown to be important for binding of telomere-binding proteins like Rap1p (28) (29) (30) . This suggests that the telomeres in Y. lipolytica are protected by Myb domain-containing proteins.
When we searched for Y. lipolytica genes encoding homologues of Rap1p and Taz1p in its genomic sequence, we were surprised to not find any homologues of these major yeast telomerebinding proteins. Therefore, we decided to initiate the studies of Y. lipolytica telomeres in more detail, with the aim of extending our knowledge of the maintenance of its telomeres. In this study we identified an open reading frame encoding a ~50 kDa protein of a novel family of telomere-binding factors (31) DNA manipulationsRecombinant DNA techniques were carried out by standard procedures (32) . DNA modifying enzymes were used according to the instructions provided by the corresponding suppliers. Fungal genomic DNA was isolated as described (20) . The oligonucleotides (Supplementary Table 1) were synthesized by MWG Operon or Metabion. The plasmid pMH25 carrying ten Y. lipolytica telomeric repeats was constructed by annealing oligonucleotides YlTELSense and YlTEL-Antisense followed by the digestion of the resulting dsDNA with EcoRI and ligation into the EcoRI digested and dephosphorylated plasmid pHIS2 (Clontech). We obtained the desired recombinant plasmid carrying 2x5 telomeric repeats separated by an EcoRI site and named it pMH25. Digestion of pMH25 with EcoRI yields a dsDNA fragment containing 5 telomeric repeats used in initial DNA-binding assays.
Construction of the expression plasmid pTay1-6HN-TAY1 including the flanking sequences for recombinational cloning, was amplified using the primers Tay1-N-S and Tay-N-Anti. PCR was performed using 1 U of Phusion Hot Start HighFidelity DNA polymerase (Finnzymes) and contained each dNTP at 200 μM, corresponding primers at 1 μM and 100 ng of genomic DNA. The initial 5 min denaturation at 95 o C was followed by 34 cycles of 45 sec denaturation at 95 o C, 45 sec annealing at 50 o C and 3 min polymerization at 72 o C. Finally, the reaction was incubated for 15 min at 72 o C. The resulting PCR product was gel purified using Zymoclean Gel DNA recovery kit (Zymo Research) and cloned into the pEcoli-Nterm vector (Invitrogen) using the In-fusion dry-down reaction according to the supplier's recommendation. The DNA was transformed into the Fusion blue competent cells (Invitrogen) and plated on a solid LB media containing 100 µg/ml ampicillin. Plasmid DNA was isolated using QIAprep Miniprep (Qiagen) and the plasmid DNA exhibiting the predicted restriction map was sequenced using T7 promoter and T7 terminator sequences as primers. The insert, including the flanking regions, perfectly matched the expected sequence and the plasmid, named pTay1-6HN, was used for production of recombinant Tay1 protein in bacteria.
Purification of recombinant Tay1 proteinpTay1-6HN was transformed into BL21-Gold(DE3)pLysS cells and the transformants were grown on LB plates containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol. The cells were then inoculated into 30 ml of 2xYT media (1.6% (w/v) bacto-tryptone, 1% (w/v) bactopeptone, 1% (w/v) NaCl, pH 7.1) containing 2% glucose, 100 µg/ml ampicillin and 34 µg/ml chloramphenicol and cultivated overnight (15 hours) at 37 o C and 225 rpm. The cells were centrifuged for 5 min at 3,000 rpm (Sorvall RT 7 Plus) at 25 o C, washed once with 2xYT, inoculated into 1 liter of 2xYT containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol and cultivated at 37 o C and 275 rpm until the OD 600 reached a value of 0.7-0.8. The culture was cooled to 28 o C, followed by addition of IPTG (isopropyl β -D-1-thiogalactopyranoside; final concentration 1 mM) and cultivation for additional 3 hours at 28 o C. The culture was then centrifuged for 15 min at 5,000 rpm at 4 o C (F10-6x500y rotor in Sorvall RC 6+), the cells were washed once with 200 ml of ice cold phosphate-buffered saline and the pellet was frozen at -20 o C. The pellet was thawed on ice (30-45 min) and resuspended in a final volume of 30 ml of buffer A (20 mM HEPES-NaOH (pH 7.3), 100 mM NaCl, 1 mM DTT) containing 1x Complete (EDTA-free) protease inhibitors (Roche), 10 mM MgCl 2 , 100 U of DNaseI (Promega) and 2 µg of PureLink RNase A (Invitrogen). Lysozyme (US Biochemicals) was added to a final concentration of 1 mg/ml and the by guest on November 7, 2017 http://www.jbc.org/ Downloaded from suspension was incubated for 15 min on ice with occasional shaking. The cells were broken by sonication (5 x 30 sec at a setting of 6 (Branson Sonifier 450)). Each cycle of sonication was followed by 1 min incubation on ice. Triton X-100 was added to a final concentration of 0.1%, the suspension was sonicated one more time for 30 sec and incubated for additional 15 min on ice. The insoluble material was pelleted by 30 min centrifugation at 12,000 rpm at 4 o C (F21-8x50y in Sorvall RC 6+). The supernatant was mixed with 1 ml bed volume of the TALON Superflow Metal Affinity Resin (Clontech) equilibrated with 3 x 10 volumes of buffer A. The whole suspension was transferred to a 50 ml Falcon tube and incubated for 60-90 min rocking the tube end-over-end at 4 o C. The beads were then washed 3 times with 20 volumes of buffer A containing 0.1% (v/v) Triton X-100, followed by 5 x 10 volumes of the wash buffer (20 mM HEPES-NaOH (pH 7.3), 300 mM NaCl, 10 mM imidazole (pH 7.5)). The beads were then transferred to a chromatographic column and the bound proteins were eluted with 6 x 1 ml of elution buffer (20 mM HEPES-NaOH (pH 7.3), 100 mM NaCl, 500 mM imidazole (pH 7.5)). The fractions containing Tay1 protein were pooled and loaded onto a 2 ml HiTrap Heparin column (GE Healthcare) connected to an ÄKTA Purifier FPLC system (GE Healthcare). The beads were washed with 10 volumes of the binding buffer (20 mM HEPES-NaOH (pH 7.3), 5% (v/v) glycerol, 1 mM DTT). The bound proteins were eluted with 20 volumes of a linear (0-1.5 M NaCl) gradient and 0.25 ml fractions were collected. The peak of Tay1p, essentially free of contaminating proteins, was observed between 0.8-0.9 M NaCl. The fractions containing purified Tay1p were pooled and dialyzed against 2 liters of 20 mM HEPESNaOH (pH 7.3), 100 mM NaCl, 15% (v/v) glycerol and 1 mM DTT and stored in 100 µl aliquots at -80 o C. The proteins from the peak fractions were subjected to 10% SDS-PAGE (33) and stained with Coomassie Brilliant Blue R-250.
Electrophoretic-mobility shift assay (EMSA)-The initial double-stranded YlTEL probe used for EMSA was prepared by digestion of 15 µg of pMH25 plasmid in a final volume of 50 µl using 50 U of EcoRI (New England Biolabs) followed by dephosphorylation using 50 U of calf intestinal phosphatase. The resulting 50 bp fragment was gelpurified using the QIAquick gel extraction kit (Qiagen). The gel-isolated dsDNA YlTEL probe and single-stranded oligonucleotide probes for EMSA were prepared by labeling 200 ng of DNA with 10 U of T4 polynucleotide kinase (New England Biolabs) and 50 µCi of [γ 32 P]ATP (final concentration 0.5 µM) for 60 min at 37 o C in a final volume of 20 µl. Reactions were diluted to 50 µl with 0.5 mM EDTA, 10 mM Tris-HCl (pH 8.0), and the labeled oligonucleotide was purified using G-50 Sephadex (Amersham). Radiolabeled doublestranded probes were prepared by annealing a twofold molar excess of unlabeled complementary oligonucleotide with a corresponding labeled oligonucleotide. Typically, a 100 µl annealing reaction contained 160 ng of labeled and 320 ng of unlabeled oligonucleotide in 20 mM HEPES-NaOH (pH 7.3), 100 mM NaCl. Reactions were boiled for 10 minutes in a water bath and cooled down until the water reached room temperature.
For the EMSA reactions, the YlTEL probe was diluted 5-times with 1xHN buffer (20 mM HEPESNaOH (pH 7.3), 100 mM NaCl). The typical DNA binding reaction contained 1 µl of the diluted dsDNA probe, 2-3 µg of recombinant Tay1p and a DNA competitor as indicated in the Results. The reactions were carried out in 1xHN buffer at room temperature for 15 min. DNA-protein complexes were resolved by electrophoresis on 5% polyacrylamide gels in 0.5x TBE (45 mM Trisborate, 1 mM EDTA) at 10 V/cm for 90 min. Gels were fixed for 10 min with 10 ml of 10% (v/v) methanol, 10% (v/v) acetic acid and exposed wet to an X-ray film (Amersham) or to Storage Phosphor Screens (Kodak) for 3-15 hours.
Construction of a Y. lipolytica model telomere-A plasmid carrying the Y. lipolytica model telomere consisting of 81 5'-GGGTTAGTCA-3' repeats was constructed as described (34) with the following modifications.
First, YlModelTEL_A and YlModelTEL_S2 oligonucleotides were mixed in a 1:1 molar ratio and annealed analogously to the preparation of probes for EMSA. The resulting dsDNA was digested with BamHI and HindIII restriction endonucleases (New England Biolabs) and cloned into the plasmid pUC19 (Stratagene) digested with BamHI and HindIII (Stratagene). To expand the 10 bp long Y. lipolytica telomeric repeats, the BfuAI and BsmBI restriction sites flanking the telomeric repeats were employed. In addition to the plasmid carrying 81 telomeric repeats (pYLTEL81), the strategy yielded plasmids with shorter telomeric tracts, including pYLTEL41 carrying 41 telomeric repeats which was used for some experiments.
Ligation of oligonucleotide tails to pYLTEL81-The pYTEL81 plasmid (3 µg) was digested with BfuAI and then dephosphorylated using 10 U of calf alkaline intestinal phosphatase. The linearized plasmid was mixed with a 5-fold molar excess of YLTEL3ovhng 40 nt oligo and ligated using 400 units of T4 DNA ligase (New England Biolabs) overnight at 16ºC in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 10 mM dithiothreitol, 1 mM ATP and 25 μg/ml bovine serum albumin. Ligated products were purified from free oligonucleotides using the QIAquick PCR purification kit (Qiagen).
Gel filtration of purified Tay1p-Superdex-200 (GE Healthcare) was packed into a 0.5 x12 cm column and connected to the BioLogic low pressure chromatography system (BioRad). The column was equilibrated with 5 volumes of buffer B (20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA-NaOH) at a flow rate of 0.5 ml/min. The column was then calibrated using (50 µl of 1 mg/ml solution each) blue dextran (void volume), apoferritin (440 kDa), aldolase (147 kDa) and bovine serum albumin (67 kDa). Following calibration, 50 µl of 0.2 mg/ml Tay1p purified by TALON Superflow Metal Affinity Resin was loaded on the column, and 0.25 ml fractions were collected starting from the void volume. Fractions adsorbing UV light were analyzed by 10% SDS-PAGE (33) .
Electron microscopy-The typical DNA-binding reaction for electron microscopy was performed in 10 µl of 1xHN buffer containing 5 ng/µl of the substrate DNA and 7-10 ng/µl of purified Tay1p. The reactions were carried out at room temperature for 15 min, followed by addition of 10 µl of 1.2% glutaraldehyde and incubation at room temperature for additional 6 min. To remove the unbound proteins and fixative, the samples were diluted to 50 µl in HN buffer and passed over 2 ml columns of 6% agarose beads (ABT inc, Burgos Spain) equilibrated with either T-e buffer (10 mM TrisHCl, pH 7.4, 0.1 mM EDTA-NaOH) for shadowcasting or 10 mM ammonium bicarbonate (pH 7.5) buffer for positive staining. For rotary shadowcasting with tungsten, aliquots of the fractions containing the complexes were mixed with a buffer containing spermidine and adsorbed onto copper grids coated with a thin carbon film glow-charged shortly before sample application. Following adsorption of the samples for 2-3 min, the grids were dehydrated through a graded ethanol series and rotary shadowcast with tungsten at 10 -7 torr (35). For positive staining, aliquots of the sample in the ammonium bicarbonate buffer were adsorbed to glow charged thin carbon foils for 3 min followed by staining with 2% unbuffered uranyl acetate for 5 min, followed by air drying. Samples were examined in an FEI T12 TEM and a Philips CM12 TEM equipped with Gatan 2kx2k SC200 CCD cameras at 40 kV (shadowcast samples) or at 80 kV (stained samples). Dimensions of particles in the images saved from the CCD cameras were analyzed using Digital Micrograph software (Gatan, Inc.). Adobe Photoshop software was used to arrange images into panels for publication.
Analysis of Tay1p binding to telomeres in vivo-TAY1 fused at the 5' end with the coding sequence for 3 hemagluttinin (3xHA) peptides (underlined; MYPYDVPDYAGYPYDVPDYAGYPYDVPDYA A) and the 5'-ACCAAA-3' sequence upstream of the ATG codon (Kozak sequence enabling efficient translation) was prepared as follows: The oligonucleotides 3xHA-Sense and 3xHA-Antisense were mixed in equimolar amounts, boiled for 10 min and reassociated by slow cooling. The TAY1 open reading frame was PCR amplified using the primers Tay1_1H_5'P_S and Tay1_1H_5'P_Anti. The reassociated 3xHA oligonucleotide was ligated with the TAY1 PCR fragment, the product corresponding to 3xHA-TAY1 was gel purified and PCR amplified using the oligonucleotides HAAmp-S and Tay1_1H_5'P_Anti. TAY1 without the 3xHA coding sequence was PCR amplified using the oligonucleotides Tay1+ATG+Kozak-S and Tay1_1H_5'P_Anti. The gel purified PCR fragments (TAY1-3xHA and TAY1) were ligated into the vector pINA1312 (kindly provided by C. Madzak (INRA, Thiverval-Grignon, France) linearized with PmlI and the resulting plasmid constructs were verified by DNA sequence analysis. For construction of Y. lipolytica strains expressing Tay1 with or without 3xHA epitope, the plasmids were digested with NotI and the fragments containing TAY1 and URA3 coding sequences ( Fig.  7A) were transformed into Y. lipolytica strain PO1h (36) . The transformants were propagated in SD media (0.67% (w/v) yeast nitrogen base without amino acids and with ammonium sulfate; 2% (w/v) glucose). The expression of 3xHA-Tay1p was verified by immunoblot analysis of the crude protein extracts using HA-probe (F-7; Santa Cruz Biotechnology) and goat-anti-mouse antibody conjugated to alkaline phosphatase (SigmaAldrich). The ChIP assay was performed essentially as described (37, 38) . The cells were grown to a density of 2-5x10 7 cells/ml, treated for 15 min with 1% formaldehyde followed by quenching with 125 mM glycine. The cells were washed twice with phosphate-buffered saline (PBS; 3.2 mM Na 2 HPO 4 , 0.5 mM KH 2 PO 4 , 1.3 mM KCl, 135 mM NaCl, pH 7.2), transferred to 2 ml tubes and frozen at -80 o C. Before lysis the cells were converted to protoplasts (39), followed by their resuspension in 0.6 ml of lysis buffer (50 mM HEPES-NaOH, pH 7.3, 140 mM NaCl, 1 mM EDTA, 1% (w/v) Triton X-100, 0.1% (w/v) sodium deoxycholate) containing Complete TM protease inhibitor cocktail (Roche), and disrupted by glass-beads lysis. The samples were sonicated (Branson Sonifier 450) 4 x 15 sec to obtain DNA 500-4,000 bp long fragments. Sonicated lysates were cleared by centrifugation at 7,000 x g for 2 min, and input samples (1/20 of the sample) were obtained. The remaining lysate was incubated for 2 hours at 4 o C with constant mixing with 40 µl of protein G Dynabeads (Invitrogen) coupled with anti-HA antibodies (Santa Cruz Biotechnology). The beads were washed twice with 0.6 ml of lysis buffer, once with wash buffer (100 mM Tris-HCl, pH 7.6, 250 mM LiCl, 0.5% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 1 mM EDTA-NaOH) containing Complete TM protease inhibitor cocktail and once with 0.6 ml of TE (10 mM Tris-HCl, pH 7.6, 1 mM EDTANaOH). Cross-linking was reversed by overnight incubation at 65°C in TE containing 1% sodium dodecyl sulfate. The input and immunoprecipitated samples were treated with proteinase K (0.4 µg/ul) for 2 hours at 37 o C, extracted with phenolchloroform-isoamylalcohol (25:24:1) and DNA was purified using DNA Clean and Concentrator kit (Zymo Research). The DNA in the samples was detected by dot blot analysis using terminally labeled oligonucleotide YlTEL-4x (for detection of telomeric sequences) or a mixture of YARLI-T1-4x, YARLI-T2-4x and YARLI-T3-4x derived from three different arrays of non-telomeric tandem repeats from Y. lipolytica genome (Supplementary Table 1 ). The membranes were exposed to an X-ray film ( GE Healthcare) or to Storage Phosphor Screens (Kodak).
Preparation of the TAY1/∆tay1 heterozygous strain of Y. lipolytica-
The TAY1-YlURA3 deletion cassette was prepared by digestion of pTay1-6HN with NheI and AgeI, blunt-ended with Quick blunting kit (New England Biolabs) and ligated with PvuII fragment of pKSURA plasmid carrying YlURA3 gene including 5' and 3 ' regulatory sequences. The resulting deletion cassette lacks internally 328 bp of TAY1 ORF and contains YlURA3 flanked by 320 bp and 630 bp TAY1 sequences, respectively (the orientation of YlURA3 is reversed compared to the orientation of TAY1 ORF). The parental diploid strain was prepared by mating the haploids E129 and E150 on solid YMC medium (0.3% (w/v) Bacto-yeast extract, 0.5% (w/v) Bacto-peptone, 0.3% (w/v) malt extract, 0.05% (w/v) sodium citrate). The diploid strain was transformed with a DNA fragment carrying the TAY1-YlURA3 deletion cassette obtained by PCR amplification using the primers Tay1-1H_5'P_S and Tay1-1H_5'P_Anti. Replacement of the TAY1 gene by the disruption cassette in the transformants was verified by PCR using the Tay1-1H_5'P_S primer and Tay1_3utr primer derived from 3' UTR of the TAY1 gene. Analysis of the lengths of telomeric restriction fragments was performed as described (27) .
RESULTS

In silico analysis of the Y. lipolytica genome reveals a novel putative telomere-binding factor Tay1.
To identify proteins with potential function(s) at Y. lipolytica telomeres, we first searched for homologues of known telomerebinding proteins, including Saccharomyces cerevisiae Rap1p and Schizosaccharomyces pombe Taz1p. As initial attempts did not yield proteins with any significant degree of homology, we used amino acid sequences of Myb domains of various telomeric proteins as queries. This strategy led to the identification of three Myb domain-containing proteins. The first protein we identified corresponded to the ORF YALI0B13992g and was annotated as being weakly similar to the S. cerevisiae Myb-like DNA-binding protein Bas which is a transcription factor involved in regulating basal and (induced) expression of genes of the purine and histidine biosynthesis pathways (40) (41) (42) (43) (44) . An interesting feature of YlBas1p is the presence of three Myb domains instead of two as found in Bas1p of S. cerevisiae. However, experiments to be described elsewhere (27) did not indicate an involvement of this protein in telomere maintenance. The second protein we identified, encoded by the ORF YALI0B18018g, exhibited homology to S. pombe Tbf1p recently described as an essential telomeric repeat binding factor in fission yeast (14) . We will refer to this Y. lipolytica protein as YlTbf1. The third protein we identified, was encoded by the ORF YALI0D10923g and exhibited homology with Myb domains from several proteins encoded by basidiomycetes including Ustilago maydis, Lacaria bicolor, and Coprinopsis cinerea as well as with the Myb domain of human TRF1 and TRF2, respectively. Recently, based on in silico analyses, it was suggested that the U. maydis homologue may represent a TRF1/TRF2 counterpart in this organism (31) .
We therefore decided to characterize this protein using biochemical and electron microscopic analyses, and based on our results named it Tay1p ( T elomere-associated in Yarrowia lipolytica 1). In addition, we found that an ORF in the S. pombe genome (SPAC13G7.10) which had been annotated as transcription factor Mug152 and is up-regulated during meiosis, also exhibits homology to the Y. lipolytica Tay1 protein.
Tay1p contains two centrally located Myb/SANT domains exhibiting a high degree (about 40% identity and 65% similarity) of homology to each other (Fig. 1A) . Importantly, the Myb domains in both proteins are highly similar to Myb domains of human TRF1 and TRF2, respectively. The Tay1-Myb1 domain exhibits 51% identity to the Myb domain of TRF1 and 43% to the Myb domain of TRF2 (Fig. 1A) . The Tay1-Myb1 domain thus exhibits higher homology with the Myb domain of mammalian TRF1 and TRF2 proteins than with any other yeast telomere-binding protein, including Taz1 and Tbf1 (both about 30% identity, Fig. 1A, B) . The degree of identity between both Tay1p Myb domains and the Myb domains of ScRap1, SpTaz1 and YlTbf1, is in all cases less than 30%. In contrast, the Myb domains of Y. lipolytica Tay1p and S. pombe Mug152p are much more identical to each other (67% identity between Myb1 domains and 69% identity between Myb2 domains).
We compared the Myb domains of known telomeric proteins and found that the Tay1p Myb1 domain clusters with the Myb1 domain of its homologues from basidiomycetes and S. pombe, as well as with the Myb domain of both mammalian TRF1 and TRF2 (Fig. 1A-C, Supplementary Fig.  1) . However, the Myb2 domain and the Myb domains of Taz1p and Tbf1p seem to form separate clusters (Supplementary Fig. 1 6HN) for production of the protein in E. coli and purification using affinity chromatography taking advantage of the 6xHN-tag located at the Nterminus of the recombinant protein. The plasmid construct, verified by both restriction enzyme analysis and DNA sequencing was transformed into the BL21-Gold (DE3)-pLysS bacterial host and the expressed protein was purified to near homogeneity in a two step purification employing TALON affinity chromatography and subsequent heparin affinity chromatography (Fig. 2) . Although the predicted molecular weight of Tay1-6HN is approximately 47 kDa, purified Tay1p migrated as a band corresponding to ~65 kDa on 10% SDS PAGE gels. The reason for slower migration is unknown (see Discussion) but is analogous to a similar situation with recombinant Taz1p (16) .
Electrophoretic-mobility shift assays (EMSA) were used to examine the binding of Tay1p to duplex DNAs. As an initial probe we used a cloned double-stranded EcoRI fragment (YlTEL) containing five Y. lipolytica telomeric repeats (5'-GGGTTAGTCA-3') in the plasmid pMH25 (see Fig. 4A for the restriction map of pMH25). When incubated with Tay1p, the labeled YlTEL probe was retarded in its migration in the polyacrylamide gel indicating that Tay1p and YlTEL formed a stable complex (Fig. 3A) . We then tested the ability of various DNAs to compete with the YlTEL probe for Tay1p binding and found that whereas the dsDNA containing 8 telomeric repeats was an effective competitor (Fig. 3A, lane 3) , dsDNA containing 3 telomeric repeats, single-stranded oligonucleotides carrying the sequence of G-rich by guest on November 7, 2017 http://www.jbc.org/ Downloaded from and C-rich strand, as well as various non-telomeric dsDNA were ineffective (Fig. 3A, lanes 4-10) .
To probe the minimum binding site of Tay1p, we performed EMSA using dsDNA probes carrying 1, 1.5, 2 and 3 telomeric repeats. We found that the ability of Tay1p to bind DNA is limited to the probes containing >1 telomeric repeats (Fig. 3B) .
Next, we tested the specificity of Tay1p binding to telomeric versus non-telomeric sequences. Whereas the binding of Tay1p to the dsDNA probe containing 3 telomeric repeats (YlTEL_EMSA-1) was not substantially affected by an excess of competitor DNA, the control dsDNA probe containing 3 non-telomeric repeats (YlTEL_EMSA-C) was out-competed by relatively low concentrations of either pUC19 plasmid DNA or poly(dI-dC) (Fig. 3C) . The observation of two bands ( Fig. 3C ; C1, C2) indicates that the probe is bound by an increasing number of Tay1p molecules.
Tay1p recognizes a conserved motif in telomeric repeat. Comparison of the telomeric repeats from a wide variety of organisms including yeast, protozoa and mammals indicates that there is a conserved motif important for binding of ss-and dsDNA telomeric proteins such as Rap1p and Cdc13 (28) (29) (30) . To this list we have now added the sequence of Y. lipolytica as well as the sequences identified in our comparative analysis of telomerase RNAs (18) ( Table 1) . Indeed, all telomeric repeats exhibit a conserved motif 5'-GTNNGG(G/A)T-3'. The only exceptions are Candida (Pichia) guilliermonodii and Candida (Clavispora) lusitaniae (5'-GTNNTG-3'), and S. pombe (5'-GTTACAGG-3'), where the spacer between GT and GG is four instead of two nucleotides. In any case, the sequence of Y. lipolytica telomeric repeat contains the 5'-GTNNGGNT-3' motif suggesting that the conserved nucleotides are important for the binding of Tay1p.
To test this possibility we prepared a dsDNA probe (YlTEL_EMSA-M5) carrying 3 repeats that contain a non-telomeric sequence, except for GT and GG dinucleotides in the conserved positions. The YlTEL_EMSA-M5 probe was retarded to a similar extent as the wild-type (YlTEL_EMSA-1) telomeric probe (Fig. 3D ). Conversely, we tested a probe (YlTEL_EMSA-M6), where the conserved GT and GG dinucleotides were mutated, whereas the rest of the repeat remained unchanged. In this case, the YlTEL_EMSA-M6 exhibited stronger binding than the control non-telomeric probe (YlTEL_EMSA-C) and only slightly weaker binding compared to YlTEL_EMSA-M5 (Fig. 3D) . Therefore it seems that not only the conserved GTNNGGNT motif, but also the rest of the telomeric repeat sequence plays an important role in Tay1p binding.
Overall Fig. 2A ) linearized by SacI and PstI, and the 3.7 kb fragment (p3.7kb+TEL) carrying the telomere at one end was gel purified and used for EM analysis. The substrate used for most of the EM experiments was created by expansive cloning (see Experimental Procedures) and produced a plasmid construct (pYLTEL81) carrying 81 repeats (810 bp) (Supplementary Fig.  2B ). For the DNA-binding experiments, this plasmid was linearized with BfuAI, leaving the entire telomeric block at one end of the DNA. In addition, digestion by BfuAI results in a 5' recessed end enabling addition of a 3 ' overhang to the telomeric end by ligation of an oligonucleotide carrying 4 telomeric repeats (Supplementary Fig.  2B ). The l ength of the telomeric block in pYLTEL81 (810 bp) is within the range of native Y. lipolytica telomeres (500-1,000 bp, (27) ) and thus it represents an ideal model telomere for in vitro studies. Using E. coli SSB protein as a marker for the presence of the ligated overhang, EM analysis revealed that >90% of the model telomere molecules contained ss DNA overhangs. EM analysis of Tay1p DNA complexes. To directly visualize Tay1p interactions with telomeric DNA in vitro, we generated three different model telomere DNA templates, carrying 10 or 81 telomeric repeats, and the latter with a 40 nt 3' overhang on the G-rich strand (Experimental Procedures). To begin the studies, Tay1p was incubated with the p3.7kb+TEL DNA containing 10 repeats at one end, at a ratio of 2 Tay1p monomers per 1.5 repeat for 15 min at room temperature, then fixed and prepared for EM including dehydration and rotary shadowcasting with tungsten (Experimental Procedures). In fields of Tay1p bound DNAs, when by guest on November 7, 2017 http://www.jbc.org/ Downloaded from 500 molecules were scored, 70% contained 1-2 protein particles located at one end of the DNA (arrows, Fig. 4A , Table 2 ). Molecules with protein particles bound at both ends were never observed, and infrequently at this protein:DNA ratio, protein was bound internally along the DNA. Further, parallel inclubation of similar sized linear DNAs lacking the telomeric tract exhibited a much lower (~5%) frequency of end-bound molecules. To examine the binding of Tay1p to DNA with a telomeric tract close to the size present in vivo, Tay1p was incubated with the linear pYLTEL81 DNA template containing 810 bp of telomeric DNA at one end. The concentration of Tay1p was adjusted to the number of telomeric repeats. As our previous EMSA analyses indicated that the minimal binding site for Tay1p is represented by 1.5 repeats (Fig. 3B) , we used protein:DNA ratios ranging from 0.3 to 3 Tay1 monomers per 1.5 repeat. Optimal binding was observed at 2 molecules of Tay1p per 1.5 telomeric repeat (data not shown), a ratio that was then used for most of the subsequent experiments. Examination of Tay1p bound to pYLTEL81 DNA revealed arrays of particles along a 810 bp region at one end of the model DNA (Fig.  4B, Supplementary Fig. 3 ). Tay1p appeared to bind along the telomeric DNA forming a linear structure that, at saturating Tay1p concentrations, became more and more filled in with Tay1p particles (Fig.  4C, Supplementary Fig. 3 ) reminiscent of protein arrays formed by hTRF1 on human telomeric repeats (45) . Inspection showed no evidence of the DNA being bent as the DNA passed through the protein particle. With enough protein added, the telomeric tracts were fully covered, and the length of the covered segments was similar to the length of the bare telomeric tract. From this we can deduce that the protein binds non-cooperatively and does not appreciably shorten or bend the DNA upon binding, even at saturating concentrations. Importantly, based on the comparison of contour lengths of the entire plasmid versus its portion bound by Tay1p, all the protein particles were bound within the 810 bp long telomeric tract. Out of more than 300 molecules scored, 79% were bound by Tay1p within the telomeric tract, less than 1% showed Tay1p bound internally, and about 20% DNA templates were protein-free. This corresponds to a very high binding specificity for the telomeric repeats. However at elevated concentrations of Tay1p, protein binding could be driven onto the non-telomeric regions. Similar results were obtained when the pYLTEL41 plasmid was used as a substrate (data not shown). In some of the model telomere preparations, not all the DNAs had been linearized and further, some of the plasmids were present as dimers. Inspection of Tay1p binding to these DNAs showed single tracts of Tay1particles on the relaxed or supertwisted monomer circles, or two polar tracts on the relaxed or supertwisted plasmid dimers ( Supplementary  Fig. 4 ) providing further confirmation of the observations with the linear model DNAs.
Remodeling of Y. lipolytica telomeric DNA by Tay1p. When Tay1p binds to the linear pYLTEL81 template, a frequent observation is that of two and sometimes three or more DNAs bound together by Tay1p particles in a head-to-head configuration (Fig. 5) . This was observed whether or not the model DNAs contained a 40 nt 3' ssDNA overhang. These structures seem analogous to the head-tohead dimers formed by hTRF1 with templates carrying human telomeric repeats (45) . When the pYLTEL81 DNA contained the 40 nt 3' overhang, Tay1p exhibited increased binding at the terminal part of the model telomere, corresponding to the ss/dsDNA junction (data not shown). Furthermore, with the overhang present, the DNA was frequently remodeled into a lasso or t-loop like structure (Fig.  4C, Supplementary Fig. 5 ). In one experiment, scoring 303 DNA templates containing the overhang, 79.9% showed Tay1p bound, and 20.1% were protein-free. Of the protein-bound molecules, 76% had one or more Tay1p particles at one end, 23% of the DNAs were arranged into loops by Tay1p, and 1% showed Tay1p particles internally along the plasmid sequences. In contrast, without the overhang, the fraction of looped DNA molecules was negligible (1-3%). The loops were always ~800 bp or smaller, and in some cases the telomeric tract was fully complexed with Tay1p while in others, the telomeric tract was only sparsely bound by Tay1p. In all cases, however, a Tay1p complex could be observed at the base of the loop (Supplementary Fig. 5 ). These observations parallel studies of human TRF2 and fission yeast Taz1p, both of which promote formation of t-loops in vitro (15, 16) and exhibit a preference for ss/dsDNA telomeric junctions (16, 34) .
Size and nature of the Tay1p oligomers bound to DNA. To estimate the size of Tay1 particles, we examined the tungsten shadowcast Tay1p by guest on November 7, 2017 http://www.jbc.org/ Downloaded from complexes. The observed Tay1p particles were of varied sizes, ranging from some that were smaller than E. coli SSB tetramers (68 kDa) added during mounting as a simple size marker (images not shown), to many particles that were somewhat larger than SSB and others that were clearly larger by significant amounts. To obtain a more quantitative estimate of the size of the bound particles, linear pYLTEL81 DNA was complexed with Tay1p under the conditions described above including fixation and gel chromatography to remove unbound protein, and then directly stained with uranyl acetate for EM (Fig. 6 A, B) . This avoids any increase in size due to metal shadowcasting. Measurement of the diameter of 127 particles bound along the telomeric tract showed a range of sizes centering about 10, 13, and 16 nm (Fig. 6C ). These sizes are most consistent with dimers and higher oligomers of Tay1p bound to DNA (see Discussion). These observations were in accord with our analysis of purified Tay1p subjected to gel-filtration chromatography on Superdex-200. The major peak of Tay1p was observed around 110 kDa corresponding to the dimeric form of the protein (Fig. 6D) . However, Tay1p was relatively spread around the peak indicating the presence of monomers and oligomers larger than dimers.
Association of Tay1p with Y. lipolytica telomeres in vivo.
To investigate association of Tay1p with telomeres of Y. lipolytica we performed two types of experiments. First, we prepared a tagged version of Tay1p by placing a a sequence encoding three human influenza hemagglutinin (3xHA) epitope tags at the 5' end of the TAY1 ORF (Fig. 7A) . 3xHA-Tay1p and Tay1p without the tag were produced in Y. lipolytica PO1h strain and the expression of epitope-tagged Tay1p was verified by immunoblot analysis using anti-HA antibodies (Fig. 7B) . The clones expressing 3xHA-Tay1p were used for ChIP experiments (the strain expressing Tay1p without the epitope was used as a control). We reproducibly observed several-fold enrichment of telomeric DNA (in contrast to non-telomeric repetitive DNA) in the samples obtained by anti-HA immunoprecipitation of 3xHA-Tay1p producing strains (Fig. 7C) , indicating that at least part of Tay1p binds to telomeres in vegetatively growing cells. Secondly, in addition to ChIP experiments, we tried to delete the TAY1 gene from the Y. lipolytica genome. Our attempts to knock-out TAY1 from haploid strains were not successful, indicating that similarly to Mug152p in S. pombe, Tay1p is an essential protein. We therefore deleted one copy of TAY1 from a diploid strain of Y. lipolytica and compared the lengths of telomeric restriction fragments (TRF) of the TAY1/∆tay1 heterozygote with those of parental strains. Our results indicate that the absence of one TAY1 copy results in shorter telomeres in the diploid strain (300-500 bp in the mutant versus 500-1,000 bp in the wild-type; Fig.  7D ) suggesting a role for Tay1p in maintenance of Y. lipolytica telomeres.
DISCUSSION
Yeast duplex telomeric DNA is bound by distinct types of proteins. In budding yeast, Rap1p is the major component of the telomeric chromatin (other than the histones) and binds the DNA via two Myb/SANT domains (46) . In addition, Tbf1p containing a single Myb domain, binds 5 ' -TTAGGG-3' repeats located within the subtelomeric regions (47) . Both Rap1p and Tbf1p are essential proteins involved in regulation of transcription at several loci (47) . Tbf1p was identified also in S. pombe, although its precise function at telomeres is not known (14) and is probably identical to the protein Teb1 shown to bind vertebrate-like telomeric repeats in vitro (48) . An additional dsDNA telomere-binding protein is Taz1p, whose presence seems to be restricted to S. pombe and closely related species. Based on its biochemical properties and phenotypic analyses of null mutants, Taz1p is considered to be a functional orthologue of mammalian TRF1 and TRF2 (13, 16 (49) (50) (51) . Interestingly, crude protein lysates of Δ taz1 S. pombe cells were shown to contain a protein able to bind the fission yeast dsDNA telomeric sequence, suggesting that in addition to Taz1p, fission yeast possess yet another uncharacterized telomere-binding protein (48) . It seems that this activity cannot be attributed to Tbf1p, as it exhibits specificity for vertebratelike 5'-TTAGGG-3' repeats instead of the fission yeast telomeric repeats (14, 48) . The possible connection of Mug152p to meiosis is an interesting possibility, as telomere clustering at meiotic prophase seems to be a prerequisite for successful recombination and/or spindle pole body formation (52) (53) (54) . The ability of Tay1p to promote formation of head-to-head dimers of DNA molecules through the telomeric tracts (Fig. 5) supports the hypothesis that Tay1p (and possibly Mug152p) employ their two Myb domains for mediating telomere clustering in vivo.
The binding properties of Tay1p seem to be reminiscent of budding yeast Rap1 protein binding to its cognate sequences. The Rap1 minimal binding site is known to be approximately 12 bp where each of the two Myb domains independently contacts 5-6 bp (55). The minimal binding site for Tay1p was 15 bp (1.5 repeat) which roughly corresponds to the 12 bp observed for Rap1p (Fig.  3B) . It is likely that each of the two Myb domains in Tay1p also contacts 5-6 bp, and the remaining sequence might represent a spacer between the " half sites" . Alternatively, the observation that Tay1p bound more strongly to 1.5 as contrasted to 1.0 repeats of 5'-TTAGTCAGGG-3' may reflect the fact that the minimal binding site for Tay1p is represented by a different permutation of the 5'-TTAGTCAGGG-3' sequence. Detailed analysis of this using the approach taken in the studies of Bianchi et al (56, 57) would determine if this is the case. In some experiments, where we used probes containing 3 telomeric repeats, we observed two bands (C1, C2; Fig. 3C ) of the retarded probe, presumably corresponding to two different Tay1p-DNA species.
The more detailed mapping of residues involved in Tay1p binding to the DNA substrate was based on the studies aimed at characterization of binding sites of budding yeasts ss-and dsDNA telomere-binding proteins (28) (29) (30) 58 ). When we included the sequences of recently identified telomeric repeats from several yeast species (18), we confirmed that they contain a conserved 5'-GTNNGGNT-3' motif (Table 1) . Importantly, the Y. lipolytica telomeric repeat, whose sequence was obtained from native chromosomal ends (C. Gaillardin, personal communication), also contained the conserved motif. (This is in contrast to the telomeric repeat sequence previously reported in the literature (19, 59 ).) Our EMSA experiments led to ambiguous results. We observed that mutation of the conserved GT and GG dinucleotides decreases, but does not abolish the binding of Tay1p to DNA (Fig. 3D) . It is likely that in addition to the conserved residues, the remaining bases, most likely a stretch of 4 -5 base pairs constituting a core recognition sequence, are also involved in binding and their presence can compensate for the loss of the conserved nucleotides, similar to the case of TRF1, TRF2 or Rap1p (55, 57) .
Inspection of the images of Tay1p particles bound along the DNA revealed many examples in which the DNA took a path along one side of the particle and other examples where the DNA in projection appeared to pass either through, over, or under the protein particle. This appearance is consistent with Tay1p complexes binding along one face of the DNA as contrasted to forming a sliding clamp or donut with the DNA going through the middle of the particle. Furthermore, the DNA did not appear appreciably bent by Tay1p binding. Given that the telomeric repeat is 10 bp, any bending, even modest, would be in phase with the next and thus amplified in an array of bound particles, and this was not observed.
EM analysis revealed that Tay1p binding to telomeric sequences resembles the mode of binding of hTRF1 to human telomeric repeats. Apart from forming protein particles consisting of dimers and tetramers, hTRF1 forms higher order intra-or intermolecular structures (45) . Binding of hTRF1 is not restricted to adjacent telomeric repeats, and the monomeric subunits of hTRF1 dimers or tetramers can bind to repeats separated by a stretch of nontelomeric DNA or to telomeric repeats on two distinct DNA molecules. This results in forming either intramolecular loops (56) or head-to-head DNA dimers (45) . Similar to hTRF1, when bound by guest on November 7, 2017 http://www.jbc.org/ Downloaded from to the model telomere containing 81 telomeric repeats, Tay1p formed protein particles of various sizes localized within telomeric tracts. In addition, we observed head-to-head dimeric structures, i. e. two DNA molecules paired by multiple Tay1p particles. There are two possible ways of Tay1p-mediated DNA dimer formation. First, one monomer of Tay1p may employ its two Myb domains for binding to two distinct DNA molecules. Second, Tay1p may form protein dimers, where each Tay1p monomer would bind to one DNA molecule. The first possibility would require the presence of a highly flexible hinge region between the two Myb domains. However, in silico structure analysis did not predict a flexible hinge structure in this particular region of the protein. It therefore seems more likely that Tay1p employs its di-or multimeric structure for mediating the formation of DNA dimers. This possibility is supported by the observation of Tay1p particles larger than the size of a monomer by both EM and gel-filtration (Fig. 6 ). It will be interesting to investigate the possibility that Tay1p promotes telomere clustering in vivo.
The remodeling of the model telomeres containing a 40 nt 3 ' single-stranded telomeric overhang into looped forms by Tay1p (Fig. 4,  Supplementary Fig. 5 ) was striking and was absent in the absence of the overhang. This indicates that Tay1p, similar to fission yeast Taz1p and mammalian TRF2, promotes the formation of tloops (16, 34) . It is possible that Tay1p promotes strand invasion of the 3' overhang back into the repeating duplex segment to stabilize the loop as TRF2 is believed to do. However, it is also possible that the preferential binding of Tay1p to the ss/ds junction at the end of the DNA optimally positions the protein to then fold the telomere into a loop by binding back along the duplex segment of the telomere without formation of a strand invasion Dloop. Further physical and EM experiments will be required to distinguish these two possibilities. Even if Tay1p were to not initiate strand invasion itself, the generation of such looped structures could place the 3' end in a position optimal for the subsequent action of other factors such as the Rad51 proteins that would catalyze strand invasion.
As recently discussed by Lue (19) , the mechanisms of telomere protection in Y. lipolytica have undergone dramatic changes. Its genome not only lacks discernable Rap1p or Taz1p homologues, but it also does not contain proteins homologous to known factors involved in stabilization of the 3 ' single-stranded telomeric overhang, including Pot1p and members of the CST complex (Cdc13p, Stn1p, Ten1p). Tay1p and its homologues in S. pombe (Mug152p) and basidiomycetous fungi may represent a novel class of dsDNA telomere-binding proteins. Our experiments presented in this paper (Fig. 7) indicate that at least a fraction of Tay1p is associated with telomeres in vivo and participates in their maintenance. Our recent results demonstrate that Y. lipolytica is able to overcome loss of telomeric sequences caused by absence of the catalytic subunit of telomerase, through circularization of all six chromosomes (27) . However, Tay1p (similarly to Mug152p in S. pombe) is an essential protein. It is therefore very likely that Tay1p is not dedicated solely to telomeres, but binds to additional loci within the Y. lipolytica genome. Tay1p may thus represent a multifunctional protein analogous to the major telomere-binding protein Rap1 in S. cerevisiae, whose essential nature is not related to its telomere-associated functions (60) .
Future studies will be aimed at detailed analysis of biochemical properties of Tay1p. For example, it will be interesting to investigate the DNA-binding characteristics of its two Myb domains and analysis of their contribution to specific binding to telomeric sequences. In addition, the exact role(s) of Tay1p at telomeres (in both vegetative and meiotic cells), as well as other parts of the Y. lipolytica genome will be examined in more detail. The replacement of the native YlTAY1 promoter with an inducible promoter would be instrumental in circumventing the lethality of the null mutant and studying the effect of Tay1p on telomeres in vivo. This, together with the analysis of a Tay1p homologue in S. pombe with well characterized telomeres and powerful molecular-genetic tools, will be a major focus of future studies on physiological roles of Tay1p-like proteins in fungi. The fact that Tay1p exhibits similar biochemical properties with both TRF1 and TRF2, indicates that such studies on Tay1p may prove highly fruitful in extending our knowledge in general about the origin and evolution of telomeres. EMSA analysis using radiolabeled YlTEL (50 bp EcoRI fragment of pMH25) as a probe. The DNA competitors indicated above the lanes were used at 1,000-fold excess over the YlTEL probe. (B) Tay1p is able to bind dsDNA probes carrying ≥1.5 telomeric repeats. (C) EMSA analysis using radiolabeled dsDNA oligonucleotides containing three telomeric repeats ( ' telomeric', YlTEL_EMSA-1) and three non-telomeric repeats ( ' nontelomeric', YlTEL_EMSA-C), respectively. 100, 300 and 500 ng of poly (dI-dC) DNA was used as competitor DNA. The two bands (C1, C2) most likely represent complexes containing one and two Tay1 protein molecules, respectively. (D) EMSA analysis of Tay1p binding to radiolabeled mutated telomeric probes containing either conserved GT and GG dinucleotides with other residues of the telomeric repeat mutated ((AATGTGTGGG) 3 ; YlTEL_EMSA-M5), or vice versa ((TTATACATTG) 3 ; YlTEL_EMSA-M6). Mutated residues are underlined. 300, 500 and 1,000 ng of linearized pUC19 was used as a competitor. In all EMSA experiments, the dsDNA probes were prepared by annealing ss oligonucleotides as described in Experimental procedures. , parental diploid strain (E129xE150; TAY1/TAY1) and heterozygous strain lacking one functional copy of TAY1 gene (TAY1/∆tay1). In contrast to the lengths of TRFs typical for parental wild-type strains (500-1,000 bp), the heterozygote exhibits substantially shorter TRFs (300-500 bp). Table 2 . Summary of the binding of Tay1p to linear DNA with (+TEL) or without (-TEL) an array of telomeric repeats located at the ends. The percentages of the corresponding species of molecules are expressed as a fraction of the total molecules. The numbers in parentheses represent the standard deviations from one experiment to another (n = number of inspected molecules per corresponding DNA substrate). 
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